Abstract We evaluate six crustal amplification models based on National Earthquake Hazards Reduction Program (NEHRP) B/C crustal profiles proposed for use in western North America (WNA) and often used in other active crustal regions where crustal properties are unknown. One of the models is based on an interpolation of generic rock velocity profiles previously proposed for WNA and central and eastern North America (CENA), in conjunction with material densities based on an updated velocity-density relationship. A second model is based on the velocity profile used to develop amplification factors for the Next Generation Attenuation (NGA)-West2 project. A third model is based on a near-surface velocity profile developed from the NGA-West2 site database. A fourth model is based on velocity and density profiles originally proposed for use in CENA but recently used to represent crustal properties in California. We propose two alternatives to this latter model that more closely represent WNA crustal properties. We adopt a value of site attenuation (κ 0 ) for each model that is either recommended by the author of the model or proposed by us. Stochastic simulation is used to evaluate the Fourier amplification factors and their impact on response spectra associated with each model. Based on this evaluation, we conclude that among the available models evaluated in this study the NEHRP B/C amplification model of Boore (2016) best represents median crustal amplification in WNA, although the amplification models based on the crustal profiles of Kamai et al. (2013, 2016, unpublished manuscript, see Data and Resources) and Yenier and Atkinson (2015) , the latter adjusted to WNA crustal properties, can be used to represent epistemic uncertainty.
Introduction
(hereafter referred to as BJ97) developed shear-wave velocity and material density profiles for generic rock-site conditions in western North America (WNA). They used these profiles to develop ground-motion amplification factors relative to the material properties at the base of the crustal profile, which we refer to as crustal source properties, using the square-root impedance (SRI) approach described by Boore (2013) . The SRI method is also known and referred to in the literature as the quarter-wavelength (QWL) method (Boore, 2003) , which was first proposed by Joyner et al. (1981) as a means of incorporating site response in stochastic ground-motion simulations. The BJ97 amplification factors did not include the effects of attenuation within the profiles. This site attenuation is typically defined in terms of the spectral-decay parameter kappa (κ) and is often estimated by fitting the attenuation operator exp−πκf to the observed Fourier amplitude spectrum (FAS), in which f is frequency (Hz) (Anderson and Hough, 1984; Campbell, 2009; Ktenidou et al., 2014) . Although κ will typically include the effects of both site attenuation and anelastic attenuation (Q), it is referred to as κ 0 when it is extrapolated to zero distance, in which it is usually assumed to be controlled by attenuation within the upper few kilometers of the crust (Boore, 2003; Campbell, 2009) . It is relatively small for shallow hard-rock sites typical of central and eastern North America (CENA) crustal properties and is relatively large for deep soft-rock sites typical of WNA crustal properties (Campbell, 2009) .
The BJ97 crustal amplification factors together with various values of κ 0 have been widely used to characterize the inferred crustal response included in WNA ground-motion prediction equations (GMPEs) when simulating ground motions using the point-source stochastic method of Boore (2005) , the finite-source stochastic method of Motazedian and Atkinson (2005) , and the hybrid empirical method (HEM) of Campbell (2003) . Recent ground-motion models that have relied on WNA stochastic simulation are Atkinson and Silva (2000) , Beresnev (2002) , Beresnev and Atkinson (2002) , Campbell (2003 Campbell ( , 2004 Campbell ( , 2007 Campbell ( , 2011 , Tavakoli and Pezeshk (2005) , Pezeshk et al. (2011 Pezeshk et al. ( , 2015 , Boore, Di Alessandro, , Atkinson and Assatourians (2015) , and Yenier and Atkinson (2015) , among others. The HEM used to develop GMPEs in CENA by Campbell (2003 Campbell ( , 2004 Campbell ( , 2007 Campbell ( , 2011 , Tavakoli and Pezeshk (2005) , and Pezeshk et al. (2011 Pezeshk et al. ( , 2015 is sensitive to the crustal amplification model, because the HEM uses it to calculate adjustment factors needed to convert ground motions estimated by GMPEs from an active crustal region (ACR), such as WNA, to source and crustal conditions appropriate to the target region of low seismicity and different tectonic conditions, such as CENA, using the point-source stochastic method (Campbell, 2003 (Campbell, , 2014 .
The BJ97 generic rock WNA amplification factors were derived from a crustal profile with a time-averaged shearwave velocity in the top 30 m (V S30 ) of 618 m=s (often rounded to 620 m=s). This value is less than the value of V S30 760 m=s used to represent the reference site conditions in the U.S. National Seismic Hazard Maps and used to define the reference site class for site factors included in the latest edition of the National Earthquake Hazards Reduction Program (NEHRP) provisions (Bonneville and Shuck, 2014; Building Seismic Safety Council, 2015; Luco et al., 2015) . Partly due to the use of an NEHRP B/C reference site condition in the development of the U.S. seismic hazard maps, this site condition has been adopted or recommended by some engineers and seismologists as the standard for evaluating GMPEs for site-specific site-response and seismic-hazard analyses (e.g., BC Hydro Engineering, 2012; Swissnuclear, 2013; Pacific Northwest National Laboratory, 2014; GeoPentech, 2015 ; R. Kamai et al., unpublished manuscript, 2016; see Data and Resources) . However, until recently there was no crustal amplification model available in the scientific literature that represented a WNA NEHRP B/C crustal profile. Walling et al. (2008) and Kamai et al. (2013) used an NEHRP B/C velocity profile to develop amplification factors for the Next Generation Attenuation (NGA)-West1 Project (Power et al., 2008) , but these factors have not generally been known or used in stochastic simulations. This oversight was corrected by Boore (2016;  hereafter referred to as B16), who developed a V S30 760 m=s shear-wave velocity profile by interpolating the V S z profiles (in which z is depth) given in BJ97 for WNA generic rock (V S30 618 m=s) and CENA generic very hard rock (V S30 2780 m=s). B16 also used revised relationships for estimating material density (ρ) from V S in the development of this new generic NEHRP B/C crustal profile.
There are also other available NEHRP B/C site profiles that have been used for various purposes to represent WNA crustal properties in past studies. One of these is the crustal model (consisting of both V S z and ρz profiles) developed by Frankel et al. (1996;  hereafter referred to as Fea96) for use in CENA. The crustal amplification factors calculated from this model using the SRI approach have been used in several applications to represent WNA crustal properties. Frankel et al. (1996 Frankel et al. ( , 2002 and Petersen et al. (2008 Petersen et al. ( , 2014 originally used the Fea96 FAS crustal amplification factors together with a site attenuation parameter of κ 0 0:01 s to develop 5% damped pseudoacceleration response spectral (PSA) site factors that they used to adjust very-hard-rock (NEHRP A) ground motions estimated from CENA GMPEs to NEHRP B/C site conditions. Atkinson and Boore (2006) used the Fea96 amplification factors, adjusted to represent slightly different values of shear-wave velocity and density at the base of the profile, together with a site attenuation parameter of κ 0 0:02 s to represent NEHRP B/C site conditions in a CENA GMPE that they developed using the finite-source stochastic simulation program EXSIM (Motazedian and Atkinson, 2005; Atkinson et al., 2009; Boore, 2009; Atkinson and Assatourians, 2015) . The reason Fea96 is included in this discussion of WNA crustal models is because Yenier and Atkinson (2015) used the same amplification factors as Atkinson and Boore (2006) , but with a site attenuation parameter of κ 0 0:025 s, to develop an equivalent point-source seismological model for California to use with the stochastic simulation program SMSIM (Boore, 2005) .
To be thorough, we also evaluate the Walling et al. (2008) and Kamai et al. (2014) WNA NEHRP B/C crustal profiles that were used as one of their base profiles for developing nonlinear ground-motion amplification factors for the NGA-West1 Project (Power et al., 2008) and the NGAWest2 Project using 1D equivalentlinear site-response analyses. These profiles were based on velocity measurements obtained primarily in the upper 100 m of the site and, in the case of the Walling et al. (2008) profile, were merged with the BJ97 WNA generic rock profile at depth. The V S z profile used by Kamai et al. (2014) is plotted in Kamai et al. (2013;  hereafter referred to as Kea13) and was provided in digital form by R. Kamai and W. J. Silva (see Data and Resources) . Kea13 constrained the linear damping in their site-response analyses to be consistent with a total crustal profile attenuation corresponding to κ 0 0:04 s. We used Kea13 in this study because it represents an updated version of the study done by Walling et al. (2008) . R. Kamai et al. (unpublished manuscript, 2016, [KEA16] ; see Data and Resources) used site data from the final NGA-West2 database Seyhan et al., 2014) to derive an updated shear-wave velocity profile for sites with V S30 760 m=s in California and Japan. They suggest that their California profile is an updated version of that used by Kea13, but, because Kea13 is the current basis of the site profile used to develop nonlinear site factors for the NGA-West2 Project, we decided to retain both site profiles in our study. Besides, Kea16 is based only on measured V S z profiles in California and cannot be extended reliably below about 100 m (R. Kamai, personal comm., 2015) . To overcome this limitation, we merged the Kea16 California profile with that of B16 below 120 m and adopted the same value of κ 0 used in Kea13 for purposes of calculating amplification factors.
As we show later, the amplification factors derived from the NEHRP B/C crustal models discussed previously in this article are very different, especially when differences in κ 0 recommended for use with these models by the authors of the models are taken into account. These differences motivated us to better understand the bases for these models to evaluate their potential consequences on estimating surficial ground motions using the stochastic method. This was done by comparing crustal amplification from the four NEHRP B/C crustal models discussed previously, all of which have been used to characterize WNA crustal properties by various investigators. In addition, we also compare two models that we developed from the Fea96-based model used by Yenier and Atkinson (2015) in their California stochastic model to make it more consistent with WNA crustal properties. These crustal models have been most commonly used in stochastic ground-motion simulations in WNA, and to a more limited extent in other ACRs (e.g., Swissnuclear, 2013) , that are intended to represent ground motions consistent with the NGA-West1 and NGA-West2 GMPEs, as well as GMPEs from other ACRs. Based on our evaluation, we recommend four NEHRP B/C amplification and crustal models that we believe can be used to represent epistemic uncertainty in WNA, especially when used to estimate the inferred crustal amplification in the NGA-West2 GMPEs when they are evaluated for V S30 760 m=s and default values of sediment depth. This is an important case to consider, because it was used by the National Seismic Hazard Mapping Project to develop the 2014 seismic hazard maps Rezaeian et al., 2014 Rezaeian et al., , 2015 and is similar to the V S30 800 m=s reference site conditions used to develop the 2012 European and Middle Eastern seismic hazard maps (Erdik et al., 2012; Woessner et al., 2012) . It is also the reference site condition used as the basis for many major seismic design standards and building codes throughout the world (European Committee of Standardization, 2005 ; International Association for Earthquake Engineering, 2012; American Society of Civil Engineers, 2013; International Code Council, 2014; Building Seismic Safety Council, 2015) . Furthermore, it has been used to define reference site conditions in several recent site-specific probabilistic seismic-hazard assessment projects (BC Hydro Engineering, 2012; Swissnuclear, 2013; Pacific Northwest National Laboratory, 2014; GeoPentech, 2015) . R. Kamai et al. (unpublished manuscript, 2016; see Data and Resources) recommend V S30 760 m=s as the reference rock-site condition to use when evaluating NGA-West2 GMPEs for the development of bedrock ground motions used in site-specific site-response analyses.
NEHRP B/C Crustal Profiles
As indicated in the previous section, there are four V S z profiles that have been used to represent NEHRP B/C crustal models in WNA. The first is that of Fea96, with a modification by Atkinson and Boore (2006) to the values of V S and ρ at the base of the profile at an 8 km depth (i.e., the crustal source properties β S and ρ S in the terminology of Boore, 2003) , which was used by Yenier and Atkinson (2015) to develop a stochastic ground-motion model for California. The second is that of Kea13, which was used by Kamai et al. (2014) to develop a nonlinear site-response model to use in conjunction with the NGA-West2 GMPEs. This profile supersedes a similar profile used by Walling et al. (2008) to develop a nonlinear site-response model for the NGA-West1 GMPEs. The third velocity profile is that of Kea16, which was used to develop a parameterized model of V S z in terms of V S30 using California recording stations from the NGA-West2 site database Seyhan et al., 2014) . It was developed by taking the average value of V S at a given depth for all of those profiles with a value of V S30 within 15% of the target value of 760 m=s. It actually has a calculated value of V S30 772 m=s, but we consider this value close enough to the 760 m=s target to be included in our study. The fourth is that of B16, which is intended to be an NEHRP B/C version of the WNA generic rock V S z profile of BJ97. It was developed by interpolating the BJ97 generic rock (WNA) and generic very-hard-rock (CENA) profiles for V S30 760 m=s. These four V S z profiles, along with the original BJ97 generic rock (BJ97gr) and generic very-hard-rock (BJ97gvhr) profiles are plotted in Figure 1 Boore and Joyner (1997) attributed to the BJ97gvhr velocity profile corrects a typographical error in the value of 2:88 km=s that was originally reported in Boore and Joyner (1997) . The V S z profile used in the B16 crustal model is referred to in Figure 1 as BJ97gr760 (Boore, 2016) to identify it as having been derived from the BJ97gr and BJ97gvhr V S z profiles. Figure 1 shows that the Kea13 and BJ97gr760 profiles are very similar in the upper 100 m, aside from the fact that the Kea13 profile is stepped (layered) rather than smoothly varying with depth. On the other hand, the Kea16 profile has a slightly steeper velocity gradient than BJ97gr760 or Kea13 in the upper 50 m, and the Fea96 profile has a weaker velocity gradient than the other three profiles in the upper 30 m. The BJ97gr760, Kea13, and Fea96 profiles are notably different at larger depths, where Fea96 has a much steeper velocity gradient than the other two and BJ97gr760 has a somewhat steeper velocity gradient than Kea13 to depths of around 5 km. Kea16 shares the same velocity model as BJ97gr760 below 120 m. The steeper velocity gradient and shallower depth to high crustal velocities and densities exhibited by the Fea96 profile are fundamental properties of CENA crustal properties that distinguishes them from typical WNA crustal properties. Differences in these velocity gradients and the use of a coarsely layered profile by Kea13 can significantly impact ground-motion amplification, as we show in the NEHRP B/C Crustal Amplification section.
The Fea96 and B16 crustal models have density profiles associated with them. However, Kea13 does not report the densities they used to develop their nonlinear site-amplification model. For that reason, the development of crustal amplification factors for the Kea13 model discussed in the next section uses densities estimated from the updated V S -ρ relationship of B16. Shown in Figure 1 , and discussed later in the article, are the depths to the 1:0 km=s shear-wave velocity horizon (Z 1:0 ) and the 2:5 km=s shear-wave velocity horizon (Z 2:5 ) for a site with V S30 ≈ 760 m=s that we derived from the NGA-West2 site database Seyhan et al., 2014) . recommended for use with the NGA-West2 GMPEs of Chiou and Youngs (2014;  hereafter referred to as CY14) and Campbell and Bozorgnia (2014; hereafter referred to as CB14), respectively, by the authors of these GMPEs for V S30 760 m=s when the actual values of these sediment depths are unknown. Similar Z 1:0 default values were adopted by Abrahamson et al. (2014) and Boore, Stewart, et al. (2014) in the development of their NGA-West2 GMPEs. Idriss (2014) did not incorporate a sediment-depth term in his GMPE. A more complete discussion of these depths is presented in the Discussion and Conclusions sections.
NEHRP B/C Crustal Amplification
We use the four velocity profiles described in the previous section together with density profiles and site attenuation parameters proposed by the original authors, if available, to compare crustal amplification factors for the six crustal models summarized in Table 1 . This table lists the source of V S z and ρz profiles and the values of the shear-wave velocity (β S ) and density (ρ S ) at the base of the profiles at a reference depth of 8 km that we used to calculate the crustal amplifications using the SRI approach. We chose this depth to represent the average depth to the earthquake source region in WNA.
We derive three sets of amplification models based on the Fea96 velocity profile to demonstrate the differences resulting from the use of different material densities, crustal source velocities, and crustal source densities. Fea96mod1 is the amplification model used by Yenier and Atkinson (2015) to develop their California stochastic ground-motion model and is the same one used by Atkinson and Boore (2006) to develop their CENA GMPE, which consists of the Fea96 velocity and density profiles with adjusted values of β S , ρ S , and κ 0 ( Table 1) . The Fea96mod2 amplification model uses the Fea96 velocity and density profiles but with values of β S and ρ S at the reference depth of 8 km proposed by B16 that are more appropriate for WNA crustal properties. The Fea96-mod3 amplification model uses the Fea96 velocity profile Frankel et al. (1996) ; Kea13, Kamai et al. (2013) ; Kea16, R. Kamai et al. (unpublished manuscript, 2016 ; see Data and Resources); V S z and ρz, shear-wave velocity and material density versus depth (z); β S and ρ S , crustal source properties at a reference depth of 8 km. NEHRP, National Earthquake Hazards Reduction Program. *Amplification model used by Atkinson and Boore (2006) and Yenier and Atkinson (2015) . † Uses Kea16 V S z profile for z ≤ 120 m and BJ97gr760 V S z profile for z > 120 m. ‡ Adopted from Kea13.
together with B16 WNA crustal source properties (β S and ρ S ) and densities from the B16 ρ-V S relationships. These densities are an update to the older density model originally used in the development of the Fea96 crustal amplifications. Fea96mod2 and Fea96mod3 are intended to show the potential impact of using amplification factors from versions of the Fea96 crustal model that we consider to be more consistent with WNA crustal properties. In addition, Fea96mod3 shows the potential impact of using an updated density profile. The representative values of κ 0 associated with each of the crustal models given in the last column of Table 1 are discussed in the following section.
FAS Amplification Models
Amplification factors of FAS for all six amplification models were calculated using the SRI approach (Boore, 2013) . The SRI calculation is based on the change in amplitude of waves within a ray tube that preserves a constant flux of energy (Joyner et al., 1981) . The amplification is given by the seismic impedance (equal to the product of velocity and density) at the earthquake source depth, which is assumed to be the depth to the bottom of the crustal profile (in our case, 8 km), divided by the effective seismic impedance of materials near the ground surface. This latter seismic impedance varies with frequency, because it represents an average of the velocity and density down to a depth of a QWL of vertically propagating shear waves of specified frequency. All of the amplification factors are based on the same set of frequencies used in B16 to facilitate their comparison. The B16 amplification factors are the same as those given in table 2 of Boore (2016) . The amplification factors for a site attenuation parameter of κ 0 0 s are summarized in Table 2 and plotted in Figure 2a . The dashed lines for f < 0:0886 Hz in Figure 2 are used to indicate those frequencies for which it was necessary to extrapolate the 8-km-deep profiles to larger depths to calculate the amplification factors using the SRI method (Boore, 2013) . This is because the QWLs of these frequencies are longer than the profile depth. To calculate the amplifications at these low frequencies, the depth of the profile was extended using the crustal parameters of the last layer (i.e., β S and ρ S ).
To show the impact of κ 0 on the amplification factors, they were also calculated using values of κ 0 proposed for use with each of the crustal models by the original authors, when available. Because B16 did not recommend a specific value of κ 0 , we adopted the minimum and maximum values of κ 0 implied by the high-frequency shape of the NGA-West2 GMPEs for a site with V S30 760 m=s, as determined by Zandieh et al. (2016; see Data and Resources) using the inverse random vibration theory approach of Al . These values are κ 0 0:034 s for M < 4:3 and κ 0 0:044 s for M > 5:7. The lower end of this range is generally consistent with smallto-moderate-magnitude κ 0 -V S30 data and predictive models for Japan, France, Switzerland, and worldwide (Silva et al., 1999; Chandler et al., 2006; Drouet et al., 2010; Edwards et al., 2011; Van Houtte et al., 2011; Edwards, 2012; Poggi et al., 2013) , all of which are summarized in Poggi et al. (2013) , Al , , Hashash et al. (2014) , and Ktenidou et al. (2014) . It is also consistent with the average value of κ 0 used by Pezeshk et al. (2015) to represent WNA crustal conditions implied by the NGA-West2 GMPEs in the development of their HEM ground-motion model. The upper end of this range is generally consistent with moderate-to-largemagnitude estimates of κ 0 for V S30 760 m=s site conditions that are implied by the high-frequency spectral shapes of the NGA-West1 and NGA-West2 GMPEs and selected GMPEs from other ACRs worldwide (BC Hydro Engineering, 2012; Swissnuclear, 2013; Pacific Northwest National Laboratory, 2014; GeoPentech, 2015) . Kea13 used a site attenuation parameter of κ 0 0:04 s to constrain the linear amplification factors implied by their California velocity profile. Kea16 did not recommend a specific value of κ 0 ; therefore, we adopted the same value of κ 0 0:04 s used by Kea13. Yenier and Atkinson (2015) used a site attenuation parameter of κ 0 0:025 s with their amplification model to estimate linear amplification factors for California. The FAS amplification factors associated with all of the κ 0 values were calculated by applying the attenuation operator exp−πκ 0 f to the FAS amplification factors in Table 2 . They are plotted in Figure 2b . Figure 2 clearly demonstrates the difference between the six FAS crustal amplification models. These differences Amplification models are described in Table 1. manifest themselves in terms of variations in both spectral shape and spectral amplitude and impact the entire frequency range of engineering interest, generally assumed to be f 0:1-10 Hz (T 0:1-10 s, in which T is spectral period). Figure 2a compares the FAS amplification factors, excluding site attenuation, associated with the five NEHRP B/C crustal profiles. At f < 2 Hz, Kea13 exhibits the highest amplification factors and the Fea96 models exhibit the lowest, with B16 and Kea16 (Kea16 is similar to the B16 model at these frequencies) falling in between the two. At high frequencies, the amplitudes of the amplification factors are in reverse order, with Kea16 being the highest at f > 8 Hz. The shaded area envelopes the amplification factors of the Kea13 (highest) and Fea96mod3 (lowest) for frequencies of general interest (f < 20 Hz). We believe that this envelope represents a reasonable estimate of epistemic uncertainty. We did not include the Fea96mod1 and Fea96mod2 models in determining this envelope, because we believe that the updates made to Fea96mod3 make it more appropriate for use in WNA. Nonetheless, these two models fall within the shaded region for f < 10 Hz. This region represents amplifications that are factors of 1.13 and 0.86 around the intermediate amplification factors of B16. Figure 2b shows the same amplification factors as in Figure 2a , except modified by the attenuation operator. At low frequencies, which are not impacted by the attenuation operator, the comparison is similar to Figure 2a . However, there are significant differences at high frequencies. The relative amplitudes of the amplification models reverse order at f > 1:2 Hz, compared with the models with κ 0 0 s, such that now the highest amplification factors are for the Fea96-mod models, which have the smallest values of κ 0 , and the lowest amplification factors are for the Kea13 and B16 models (the latter for κ 0 0:044 s), which have the largest values of κ 0 . The B16 model, with a site attenuation parameter of κ 0 0:034 s, has amplification factors that are intermediate to the smaller factors of B16 with κ 0 0:044 s, Kea13, and Kea16 and to the larger factors of the Fea96mod models. The difference in the Kea13 and Kea16 amplification factors at high frequencies still exists (it appears to have disappeared, but this is an illusion due to the steep slopes of the curves), but the effect of κ 0 is to reduce the amplitudes of the combined amplification and attenuation so that the differences are of no practical importance. We no longer include an envelope in the plot that incorporates κ 0 , although we note that the effect of including the attenuation operator Table 1 . The amplification models given in the legend are described in Table 1 . The dashed lines at f < 0:0886 Hz indicate those frequencies for which it was necessary to extrapolate the 8-km-deep crustal profiles of B16, Kea13, and Kea16 to larger depths to calculate the amplification factors using the square-root impedance (SRI) method. The dashed line for Kea16 represents those amplification factors that are based on the B16 crustal profile for depths below 120 m. Abbreviations are given in the caption to Figure 1 . The color version of this figure is available only in the electronic edition.
increases the variability of the amplification factors at high frequencies, thus serving as an additional source of epistemic uncertainty. The high-frequency FAS amplification factors are very sensitive to the exact value of κ 0 that is used. This latter point is demonstrated by the relatively large differences in the B16 amplification factors at f > 1 Hz that correspond to the two values of κ 0 used with this model. We do not necessarily believe that the specific values of κ 0 currently applied to some of these models will be those that are used in future applications, which is why we do not define a specific range in epistemic uncertainty. At high frequencies, the relatively large differences in the B16 amplification factors are a result of the differences in the mean site attenuation parameters of κ 0 0:034 s (corresponding to M < 4:3) and κ 0 0:044 s (corresponding to M > 5:7), which were derived from the NGA-West2 GMPEs by Zandieh et al. 
Impact of FAS Amplification Models on PSA
To show the impact of the different crustal profiles and amplification models on 5% damped PSA, the stochastic simulation program SMSIM (Boore, 2005) was used together with the κ 0 values in Table 1 and the FAS amplification factors in Table 2 to calculate PSA (see Data and Resources). The stochastic model parameters that were used in the SMSIM ground-motion simulations are summarized in Table 3 . They are typical of those used to represent seismological parameters in WNA (e.g., Campbell, 2003) . In this case, a site attenuation parameter of κ 0 0:044 s was used with the B16 amplification model to be consistent with the relatively large magnitude of the scenario event. We use the term stress parameter rather than stress drop in Table 3 to be consistent with the terminology first proposed by Boore (1983) . Simulations were done for an event with M 6.5 and a site located at R RUP 30 km, in which R RUP is represented by an equivalent point-source distance metric calculated using the finite-fault factor of Boore and Thompson (2015) . The predicted response spectra are plotted in Figure 3 . Figure 3 shows the variation in PSA from the six amplification models is no more than 20% at mid-to-long periods, with Kea13 giving the highest values and Fea96mod1 the lowest values. The differences at short periods are more significant, being as much as a factor of 2, with Fea96mod3 giving the highest values and B16 giving the lowest values, because of the relatively large value of κ 0 used with this latter model. Kea13 and Kea16 give virtually identical short-period estimates of PSA compared to those for FAS due to the strong impact of κ 0 (the 16% differences in the FAS at 20 Hz are now 3% differences in PSA at T 0:01 s). Figure 3 shows that the short-period amplitudes of PSA are very sensitive to the specific characteristics of the FAS amplification model, especially the value of κ 0 , and that care should be taken when selecting an appropriate value for this site attenuation parameter. The trends shown in Figure 3 are similar to those exhibited by the FAS amplification factors in Figure 2 . The revised densities used with the Fea96mod3 amplification model result in 10%-15% higher short-period estimates of PSA compared with the older densities used with the Fea96-mod2 model. These differences are larger than the 5% differences at short-to-mid periods caused by the CENA-like values of β S and ρ S used by Yenier and Atkinson (2015) in Figure 3. Response spectra predicted using SMSIM (Boore, 2005 ) and the stochastic model parameters listed in Table 3 . The amplification models given in the legend are described in Table 1 . The pseudoacceleration response spectra (PSA) predicted using the Kea13 and Kea16 amplification models almost appear to be identical at short periods because of the combined effects of amplification and attenuation within the profile that reduce these values to levels too small to be of practical interest. Abbreviations are given in the caption to Figure 1 . The color version of this figure is available only in the electronic edition.
the Fea96mod1 model compared with the WNA-like values used in the Fea96mod2 model but are similar to those of the Fea96mod2 model at longer periods. Figure 4 shows the effect of magnitude for M 5:5, 6.5, and 7.5 and distance for R RUP 10, 30, 100, and 200 km on estimates of PSA obtained from the stochastic simulations. All other stochastic parameters are the same as in Table 3 . In this case, we have taken the ratio of the value of PSA that includes the effects of both amplification and κ 0 with respect to estimates of PSA that exclude these effects (i.e., the spectral values expected on very hard rock with crustal properties the same as those at the base of the crustal profile). This ratio is roughly the response-spectral equivalent to FAS amplification in the Fourier spectral domain. In general, the impact of magnitude is relatively small. It becomes more important, but still less than 10%, at low and high frequencies due to the unique characteristics of PSA to asymptotically approach peak ground acceleration (PGA) at high frequencies and peak ground displacement (PGD) at low frequencies (Gupta, 1993) , together with the related complex relationship of PSA with magnitude, distance (attenuation), amplification, and oscillator response at these frequencies. At high frequencies, the ratio reaches a minimum as PSA asymptotically approaches the value of PGA. This minimum shifts to smaller frequencies as distance increases (this minimum occurs at f > 20 Hz at short distances and does not appear in Fig. 4) . The flattening or slight upward trend of the ratio at long periods (f < 0:2 Hz, T > 5 s) occurs as PSA is controlled by the relative displacement of the oscillator, which approaches the value of PGD at long periods. At these long periods, the smaller-magnitude events have larger ratios than the largermagnitude events, because the value of PGD corresponds to a Figure 4 . Ratios of response spectra calculated using the crustal amplification models listed in Table 1 and the κ 0 values given in the legend with respect to spectra calculated for very hard rock with κ 0 0 s. The spectra were calculated with SMSIM (Boore, 2005 ) using the stochastic model parameters listed in Table 3 . Ratios are shown for M 5.5, 6.5, and 7.5 and R RUP 10, 30, 100, and 200 km. The ratios clearly show the influence of the velocity profile, site attenuation, and distance on the amplification predicted by the models. Abbreviations are given in the caption to Figure 1 . The color version of this figure is available only in the electronic edition.
higher frequency and is, therefore, amplified more strongly by the crustal profile. The asymptotic behavior of the PSA ratios and how they differ from equivalent ratios of FAS for each of the crustal amplification models are shown in Figure 5 for an event with M 6.5 and R RUP 30 km. For this purpose, we take ratios with respect to the B16 amplification model to better show relative differences among the six models. Although ratios could be calculated with respect to any one of the models, the B16 model with a site attenuation parameter of κ 0 0:044 s was chosen because we recommend its amplification factors as being most representative of a WNA NEHRP B/C profile for reasons presented in the Discussion section. Amplitudes of FAS and PSA were calculated using SMSIM with the stochastic model parameters summarized in Table 3 .
The ratios given in Figure 5 clearly show the departure in behavior between FAS and PSA at high frequencies (short periods) due to the varying contribution of highfrequency ground motions on the amplitude of PSA at periods below the peak (T P ) in the response spectrum, which according to Figure 3 corresponds to periods in the range T P 0:15-0:2 s. As Douglas and Boore (2011), Scherbaum et al. (2011) , and Boore and Goulet (2014) demonstrate, the amplitude of PSA at a given period T 0 shorter than the peak in the response spectrum (T 0 < T P ) includes contributions from periods T > T 0 due to the unique properties of the response of a damped oscillator to a specific input ground motion. The FAS does not exhibit this characteristic. The differences in the PSA and FAS ratios at long periods are due to the differences between ground motions and oscillator response in the displacement domain of the PSA. These results clearly show why FAS amplification factors should not be used to adjust response spectra for site effects. These ratios also show that the predicted PSA of the five crustal amplification models relative to B16 can be as high as a factor of 1.8 at short periods and as little as 0.8 at long periods. Figure 6 shows the FAS and PSA ratios between the Fea96mod3 and B16 amplification models for an event with M 6.5 and a site at R RUP 10, 30, 100, and 200 km. Fea96-mod3 was used for this purpose because it emphasizes the potentially strong impact that κ 0 can have on the relative difference in the predicted value of PSA, depending on the amplification model that is used. The dark solid lines demonstrate the effect of differences in PSA when the recommended site attenuation parameter of κ 0 0:025 s is used with the Fea96mod3 model and κ 0 0:044 s is used with B16. The ratio varies from a factor of nearly 2 at Figure 5 . Ratios of Fourier amplitude and response spectra calculated using the crustal amplification models listed in Table 1 and the κ 0 values given in the legend with respect to the amplification model of B16. The spectra were calculated with SMSIM (Boore, 2005 ) using the stochastic model parameters listed in Table 3 . Ratios are shown for M 6.5 and R RUP 30 km. The ratios clearly show the influence of the different velocity profiles and site attenuation on the relative amplification predicted by the models, and they demonstrate the difference between PSA and FAS, especially at short periods. Abbreviations are given in the caption to Figure 1 . The color version of this figure is available only in the electronic edition. Table 3 and amplification models listed in Table 1 . Ratios are shown for M 6.5 and R RUP 10, 30, 100, and 200 km. The ratios clearly show the influence of velocity profiles, site attenuation, and distance on the relative amplification predicted by the two models, and they demonstrate the difference between PSA and FAS, especially at short periods. Abbreviations are given in the caption to Figure 1 . The color version of this figure is available only in the electronic edition.
T 0:045 s (f 22 Hz) and R RUP 10 km to nearly 1.3 at T 0:15 s (f 7 Hz) and R RUP 200 km. These differences are much less at long periods. The gray solid lines show that the high-frequency differences reduce substantially when the same site attenuation parameter of κ 0 0:044 s is used with both amplification models. The dashed lines show similar ratios for FAS, which are independent of distance, but strongly dependent on the assumed values of κ 0 .
Discussion
The main result of this study is the comparison and evaluation of the six FAS crustal amplification models presented in Figure 2a . This figure shows that these amplification factors can vary by several tens of a percentage. The amplification factors that include the effects of κ 0 , shown in Figure 2b , have even larger variations at short periods, depending on the value of κ 0 that is used. We selected values of κ 0 that were either proposed by the original authors of the crustal models (Fea96mod1 and Kea13) or, if none were proposed, that were used by the authors in a similar model (Kea16) or derived directly from the NGA-West2 GMPEs (B16). The Fea96mod2 and Fea96mod3 models are perturbations of the Fea96mod1 model that use updated crustal source properties, which in our opinion are more appropriate to WNA crustal properties, together with either the original density profile of Fea96 (Fea96mod2) Figure 3 shows the sensitivity of PSA response spectra to the six amplification models. The complex way that the amplification models impact estimates of FAS and PSA are demonstrated in Figures 4-6 . The behavior of PSA is particularly complex because of its tendency to become asymptotic to PGA at short periods and to PGD at long periods. Because of these complexities, FAS amplification factors should not be used to adjust PSA for site-amplification effects, particularly at short periods.
Having evaluated comparisons among the six FAS crustal amplification models, the question that remains is, what NEHRP B/C crustal amplification model is most appropriate for stochastic ground-motion simulations in WNA, especially if this model is intended to represent the crustal profile inherent in the NGA-West2 GMPEs? To begin with, we eliminate the amplification factors based on the Fea96 NEHRP B/C velocity profile (Fea96mod1, Fea96mod2, and Fea96mod3) as being the most appropriate, because, although this profile was originally developed from a WNA velocity profile, it was adjusted to have a velocity gradient that is more representative of CENA crustal properties (Frankel et al., 1996) . The B16, Kea13, and Kea16 amplification factors are all derived from shear-wave velocities that are based on geotechnical measurements of V S z in the upper 30-100 m, largely from California, and on estimates of V S z from exploration geophysics and inversions of seismological data (sometimes estimated from compressional-wave velocities) in California and other parts of WNA at greater depths. This makes these models viable candidates for being the most ap- propriate and Bozorgnia (2013) , demonstrates that the dispersion in these predicted values is large and, because the majority of the data is for V S30 < 760 m=s, might not be representative of average NEHRP B/C site conditions. To overcome this potential limitation, we extracted a list of all of the California recording stations for which both values of Z 2:5 and V S30 are available from the NGA-West2 site database Seyhan et al., 2014) , and we then calculated the median value of Z 2:5 and its associated confidence limits for values of V S30 around the target value of 760 m=s. The median (the point of a distribution at which the number of data on each side of the median is equal), rather than the mean was used to represent the central tendency of Z 2:5 ; the mean represents a robust alternative to the mean, because it is little influenced by outliers (Harding et al., 2014) . The initial target range of 760 m=s 10% had to be adjusted slightly and extended on the upper end to find a range that had a mean V S30 at or near 760 m=s. We refer to this median asZ 2:5 , using the notation of Harding et al. (2014) .
To find the variability ofZ 2:5 , we calculated its confidence interval (CI) from the equation (Harding et al., 2014 ): E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 ; 3 1 3 ; 2 3 5 CI 1−α Z 2:5 SE MD t n−1 α=2; 1 − α=2; 1 in which α is the confidence level, 1001 − α is the CI as a percentage (e.g., α 0:05 for a CI of 95%), SE MD is the standard error of the median depth, and t n−1 α=2; 1 − α=2 is the critical value from the Student's t distribution for a confidence level of α. The standard error of the median depth was calculated from the equation (Harding et al., 2014 ):
E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 2 ; 3 1 3 ; 1 2 9 SE MD 1:253 Table 4 for median CIs of 70%, 80%, 90%, and 95%. The medians and 70% confidence intervals (CI 70 ) of all (measured-plus-estimated) and measured values of Z 1:0 and Z 2:5 are plotted in Figure 1 for reference. The CI 70 limits are plotted in this figure because it is approximately equal to the plus-and-minus one standard error bounds of the median estimates. There are several observations one can make from this plot. First, both of the median estimates of Z 1:0 fall close to one another and have almost equal CI 70 limits. They are shallower than the default value of Z 1:0 0:041 km predicted from the CY14 relationship. They are most consistent with those velocity profiles with steeper near-surface velocity gradients (BJ97gr760, Kea13, and Kea16). The Fea96 velocity profile and the predicted default value of Z 1:0 fall at the lower bound of the CI 70 limits. Second, the median estimates of Z 2:5 are different from one another, although there is a significant overlap of their CI 70 limits. Both sets of Z 2:5 CI 70 limits include the velocity profiles of B16 (BJ97gr760) and Kea16, the latter of which is based on BJ97gr760 at that depth, and bracket the default value of Z 2:5 0:068 km predicted from the CB14 relationship. Although these estimates are most consistent with the BJ97gr760 (B16) velocity profile, the Fea96 profile falls within the upper bound of the CI 70 limits that are based on measured values of V S30 , and the Kea13 profile falls at the lower bound of the CI 70 limits that are based on measured-plus-estimated values of V S30 . The central tendencies of the estimates of Z 1:0 and Z 2:5 plotted in Figure 1 taken in toto are most consistent with the BJ97gr760 velocity profile used in the B16 crustal model. Figure 2a also shows that the B16 crustal model has amplification factors that are intermediate to the three other amplification models (Fea96mod3, Kea13, and Kea16) that we consider to be viable candidates for NEHRP B/C site conditions representative of the NGA-West2 GMPEs. The amplification factors for these two profiles fall within 1.13 and 0.86 of the predicted B16 amplification factors for f ≤ 20 Hz (T ≥ 0:05 s). However, the large scatter in the statistical results of Z 1:0 and Z 2:5 and the increased uncertainty in predicted FAS amplification factors at high frequencies when site attenuation, represented by the spectral-decay parameter κ 0 , is included through the attenuation operator of Anderson and Hough (1984) cannot rule out the other three viable amplification models. Of course, it cannot rule out other velocity profiles and amplification models that are yet to be developed for WNA or other ACRs as possible samples of the distribution of all possible generic NEHRP B/C sites.
Conclusions
Our comparison of amplification factors based on four viable NEHRP B/C crustal profiles that have been proposed to represent generic WNA crustal properties, and in some cases the crustal properties of other ACR regions, in the stochastic simulation of ground motion shows that their variation can be large due to differences in both velocity profiles and assumed values of κ 0 . We realize that these differences can be mitigated by the adjustment of other stochastic model parameters (e.g., stress parameter and path duration) when the model is calibrated to actual recordings, as was done by Yenier and Atkinson (2015) . However, such a calibration can distort these other parameters and limit their usefulness when extrapolating predicted ground motions outside of the range of data used for calibration. It is particularly important to use a stochastic model that matches seismological parameters inherent within the NGA-West2 GMPEs when adjusting these GMPEs to seismological conditions that represent another tectonic environment, as is done in the HEM (Campbell, 2003 (Campbell, , 2011 (Campbell, , 2014 . Based on the results of this study, we believe that the NEHRP B/C WNA crustal profile and corresponding crustal amplification factors developed by Boore (2016) can be used to model the implied crustal properties in the NGA-West2 GMPEs of Abrahamson et al. (2014) , Boore, Stewart, et al. (2014) , Campbell and Bozorgnia (2014) , Chiou and Youngs (2014) , and Idriss (2014) , when these GMPEs are evaluated for V S30 760 m=s reference site conditions and default values of sediment (basin) depth. The B16 FAS crustal amplification factors presented in Table 2 can be used as input to WNA stochastic simulation models to represent the groundmotion response of the crustal profile when site-specific information is not available. We also propose the use of the magnitude-dependent site attenuation parameters κ 0 0:034 s for M < 4:3 and κ 0 0:044 s for M > 5:7, developed by Zandieh et al. (2016; see Data and Resources) with the B16 FAS crustal amplification model, because they are consistent with the high-frequency shapes of the NGA-West2 GMPEs. However, we recognize that these values are subject to large variability and should be selected with caution. We have shown that κ 0 can impact predicted response spectra at high frequencies in complex ways due to the interaction of the effects of κ 0 , anelastic attenuation (Q), and magnitude.
Because of the large uncertainty in the data used to develop the NEHRP B/C amplification models evaluated in this study, we suggest that the models based on the Frankel et al. (1996) , Kamai et al. (2013) , and R. Kamai et al. (unpublished manuscript, 2016 ; see Data and Resources) velocity profiles (Fea96mod3, Kea13, and Kea16) can be used to represent epistemic uncertainty in the amplification factors. Of the three amplification models developed from the Fea96 velocity profile, we recommend Fea96mod3 should be used for this purpose, because it uses a crustal source velocity (β S ) and a crustal source density (ρ S ) that are more appropriate to WNA crustal properties, and it uses revised densities based on an updated ρ-V S relationship developed by Boore (2016) . Of course, local crustal profiles and corresponding site amplification will vary from these generic crustal models, and we recommend that a site-specific model be used in place of these generic models when one is available.
Data and Resources
The figures were prepared using CoPlot (http://www. cohort.com, last accessed December 2015). SMSIM v.5 was used to perform the stochastic simulations. The latest version of the SMSIM programs can be obtained from http://www. daveboore.com (last accessed December 2015); their use is described in Boore (2005) . The digital version of the NEHRP B/C shear-wave velocity profile plotted in figure 2.6 of Kamai et al. (2013) was provided by Ronnie Kamai and Walt Silva, and the digital version of the NEHRP B/C shearwave velocity profile used by R. Kamai et al. (unpublished manuscript, 2016) was provided by Ronnie Kamai. This unpublished manuscript "V S30 for site response-Why, when, and how?," by R. Kamai, N. A. Abrahamson, and W. J. Silva has been submitted to Earthquake Spectra. The unpublished manuscript by A. Zandieh, K. W. Campbell, and S. Pezeshk (2016) , "Estimation of κ 0 implied by the high-frequency shape of the NGA-West2 ground motion prediction equations," has been submitted to the Bulletin of the Seismological Society of America.
